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Introduction 

This  project  centers  on  the  Int6  protein,  which  has  been  implicated  in  the  development  of  breast  cancer  because 
it  was  first  identified  from  an  insertional  mutagenesis  screen  using  MMTV  (Mouse  Mammary  Tumor  Virus)  to 
search  for  components  in  mice  that  can  influence  breast  tumorigenesis.  Reduction  in  int6  expression  has  been 
observed  in  human  breast  tumors,  which  further  underscores  the  importance  of  Int6  and  human  breast  cancer 
formation.  Based  on  our  study  with  a  genetic  model  system,  the  fission  yeast  Schizosacchciromyces  pombe,  we 
have  proposed  a  model  in  which  the  int6  gene  in  humans  acts  as  a  tumor  suppressor  gene  whose  normal 
function  is  to  mediate  the  functioning  of  the  26S  proteasome.  In  this  project  we  have  tested  this  hypothesis 
directly  by  using  human  mammary  epithelial  cells.  Our  specific  aims  are  to  investigate  whether  altering  Int6 
functions  can  influence  (1)  proteasome  functioning  and  (2)  chromosome  segregation  in  human  mammary 
epithelial  cells. 


Report  Body 

Task  1:  Generate  cell  lines  with  reduced  Int6  levels 


a.  Int6  antibody  production: 

I  have  prepared  several  polyclonal  antibodies  (see  Annual  Report  of  2004).  These  antibodies  allow  us  to 
evaluate  int6  gene  expression  and  gene  knock  down,  and  carry  out  co-immunoprecipitation  experiments. 

b.  and  c.  Test  candidate  DNA  sequences  for  Int6  knockdown: 

As  reported  in  the  Progress  Report  of  last  year,  I  have  successfully  identified  several  siRNA  sequences  that  can 
effectively  knock  down  int6  expression  in  both  HeLa  and  MCF10A  cells.  I  have  since  then  moved  on  to  build 
lentivirus  expression  vector  pLL3.7  (Rubinson  et  al.,  2003)  to  express  these  siRNA  sequences  as  shRNAs. 
These  vectors  will  be  used  to  establish  cell  lines  in  which  int6  expression  is  stably  knocked-down  in  order  to 
perform  long-term  experiments  in  cells  (e.g.,  MCF10A)  that  are  otherwise  hard  to  chemically  transfect.  My 
preliminary  data  show  that  Int6  is  necessary  for  viability  (see  last  year’s  report  and  Figure  1A).  Therefore,  to 
prevent  losing  the  cells  in  which  int6  expression  is  most  efficiently  knocked  down,  I  will  use  the  tet-ON  and  tet- 
OFF  inducible  system  (e.g.,  pLenti4/BLOCKIT,  Invitrogen)  to  allow  the  expression  of  the  shRNA  to  be 
regulated.  Since  HeLa  cells  can  be  chemically  transfected  at  high  frequencies,  I  will  use  these  cells  first  to 
optimize  conditions  before  moving  on  to  MCF10A  cells.  I  do  not  yet  know  whether  these  shRNA  vectors  can 
successfully  knock  down  int6  expression. 

Task  2:  Analyze  proteasome  function  in  engineered  cells 

I  reasoned  that  if  Int6  is  important  for  proper  proteasome  functions  in  mammalian  cells,  knocking  down  Int6 
expression  should  lead  to  proteasome  deficiency.  To  test  this  idea,  I  treated  int6  knocked-down  ( int6kd )  HeLa 
cells  with  a  proteasome  inhibitor,  MG  132,  and  found  that  indeed  int6kd  cells  are  hypersensitive  to  MG  132 
(Figure  IE).  My  next  step  is  to  determine  whether  there  is  accumulation  of  polyubiquitinated  proteins  in  these 
int6kd  cells  and  then  move  on  to  examine  MCF10A  cells.  In  parallel,  I  am  testing  Int6  binding  to  the  proteasome 
by  determining  whether  Int6  can  co-immunoprecipitate  proteasome  subunits. 
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Task  3:  Analyze  genetic  stability  in  engineered  cells 

In  our  previous  annual  report,  I  have  shown  that  int6kd  cells  display  mitotic  abnormalities  in  that  they  become 
multinucleated  and  contain  abnormal  spindles  (see  also  Figure  1A-D).  In  this  project  period,  I  have  used  a  3-D 
culture  system  to  examine  whether  alteration  in  Int6  function  can  lead  to  transformation  of  the  mammary 
epithelial  cells.  This  3D  system  has  been  developed  to  allow  human  mammary  epithelial  cells  to  grow  in  an  in 
vitro  environment  that  at  least  partly  mimics  their  native  environment,  and  the  cells  appear  to  undertake  steps 
that  are  critical  for  normal  mammary  gland  development  or  tumor  formation.  After  seeding,  these  cells  first 
proliferate  and  then  cells  in  the  outer  layer  in  contact  with  the  matrix  polarize  into  one  layer,  which  encircles  the 
rest  of  the  cells  and  blocks  their  contact  with  the  matrix.  These  encircled  cells  eventually  undergo  apoptosis  to 
generate  a  hollow  luminal  chamber,  which  resembles  the  mammary  duct. 

In  human  breast  tumors  int6  expression  is  frequently  diminished,  and  I  have  shown  that  in  S.  pombe  deleting 
just  one  copy  of  their  int6  creates  a  haploinsufficiency  (Yen  et  al.,  2003).  These  data  suggest  that  maintaining 
proper  protein  levels  of  Int6  is  very  important  for  the  cell.  To  test  the  importance  of  Int6  protein  levels  in 
normal  mammary  gland  development  and  in  tumorigenesis,  I  overexpressed  Int6  or  Int6AC  (a  truncated  form 
induced  by  MMTV  insertion)  in  MCF10A  cells  and  then  monitored  formation  of  acini  in  vitro.  Data  in  Figure  2 
show  that  while  the  majority  of  spheres  generated  by  cells  carrying  the  vector  control  are  either  hollow  or  only 
half-filled  with  cells,  the  reverse  was  observed  with  cells  overexpressing  full-length  Int6  or  Int6AC  — most  of 
their  spheres  were  filled  with  cells.  These  results  suggest  that  overexpressing  either  Int6  or  Int6AC  can  block 
apoptosis  during  formation  of  acini. 

While  exploring  the  roles  of  Int6  in  tumorigenesis,  I  also  engaged  in  mechanistic  studies  to  better  understand 
the  regulation  of  the  proteasome  by  Int6.  The  studies  are  carried  out  in  both  human  mammary  epithelial  cells 
and  S.  pombe  cells. 

Additional  Progress: 

1.  Structure-Function  analyses  of  Int6: 

MMTV  insertion  into  mouse  int6  generates  C-terminal  truncated  proteins  called  Int6AC,  and  Int6AC  can 
transform  human  mammary  cells.  Int6AC  lack  the  PCI  domain,  which  is  also  found  in  many  proteasome 
subunits,  including  Rpn5  and  Rpn7,  thus  may  play  a  role  in  the  regulation  of  proteasome  by  Int6.  Therefore,  I 
carried  out  structure-function  analyses  of  the  PCI  domain  to  define  its  molecular  functions.  In  last  year’s  annual 
report,  I  reported  identification  of  a  conserved  leucine  in  the  PCI  domain,  which  is  essential  for  proper 
localization,  assembly,  and  functioning  of  both  Int6  and  proteasome  subunit  Rpn7  in  S.  pombe.  I  then  followed 
up  on  this  study  by  testing  whether  mutating  this  residue  in  human  Int6  will  also  affect  its  localization  and 
function  in  human  cells.  To  test  whether  mlnt6  mis-localize  in  human  cells,  I  tagged  wild  type  or  mutant  Int6 
(mlnt6)  with  YFP,  and  expressed  them  in  HeLa  cells.  Wild-type  Int6-YFP  is  concentrated  at  nuclear  periphery 
in  HeLa  cells.  By  contrast,  mInt6-YFP  diffuses  throughout  the  cell  (Figure  3A).  To  test  whether  mlnt6  will 
affect  mammary  gland  development  and  cause  tumorigenesis,  I  overexpressed  mlnt6  in  MCF10A  cells  and 
performed  similar  in  vitro  acini  formation  assay  as  described  in  Task  3.  My  data  show  that  over-expressing 
mlnt6  and  Int6AC,  but  not  wild  type  Int6,  will  lead  to  formation  of  larger  acini  (Figure  3B),  suggesting  that 
mlnt6,  like  Int6AC,  might  cause  abnormal  cell  proliferation  when  overexpressed  in  human  mammary  epithelial 
cells.  These  results  support  the  hypothesis  that  the  PCI  domain  plays  an  important  role  in  proper  localization 
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and  functioning  of  Int6,  and  that  Int6  protein  mutated  in  the  PCI  domain  might  cause  malignant  cell  growth  and 
tumorigenesis. 

2.  Examine  whether  the  regulatory  subunits  in  the  proteasome  are  dynamic  by  FRAP/FLIP  and  whether 
S.  pombe  Int6  can  influence  this  behavior  of  the  proteasome 

Our  preliminary  evidence  suggests  that  Int6  regulates  proper  nuclear  localization  and  assembly  of  proteasome 
subunits.  We  and  others  have  data  suggesting  that  regulatory  subunits  of  the  yeast  proteasome  are  not 
functionally  identical,  suggesting  that  they  each  may  function  in  a  distinct  manner,  and  in  mammalian  cells 
FRAP  analyses  indicate  that  proteasome  subunits  are  dynamic  (Reits  et  al.,  1997).  Thus  it  is  possible  that 
proteasome  subunits  may  be  assembled  in  a  highly  dynamic  fashion  to  coordinate  with  the  need  of  the  cell,  and 
int6  may  play  a  role  in  regulating  this  process.  Therefore,  I  performed  FRAP/FLIP  to  determine  whether  the 
yeast  proteasome  subunits  are  dynamic  and  whether  S.  pombe  Int6  can  regulate  proteasome  dynamics. 

I  have  tagged  several  proteasome  regulatory  subunits  with  GFP  chromosomally,  and  I  started  with  a  component 
of  the  lid,  Rpnll(also  known  as  Padl)-GFP,  since  previous  studies  have  shown  it  to  be  well  incorporated  into 
the  26S  proteasome  (Wilkinson  et  al.,  1998),  and  its  GFP  signal  is  reasonably  strong.  First,  I  used  Fluorescent 
Recovery  after  Photobleaching  (FRAP)  to  measure  dynamics  of  Pad  1 -GFP  at  nuclear  periphery,  where 
proteasome  is  most  highly  enriched,  finding  it  to  be  highly  dynamic.  Next,  I  used  FLIP  (Fluorescent  Loss  in 
Photobleaching)  to  test  whether  photobleaching  Pad  1 -GFP  inside  the  nucleus  will  lead  to  loss  of  fluorescence  in 
the  cytoplasm,  and  vice  versa.  My  data  shows  that  photobleaching  Pad  1 -GFP  inside  the  nucleus  lead  to  a 
considerable  loss  of  fluorescence  in  the  cytoplasm,  but  photobleaching  Padl-GFP  in  the  cytoplasm  hardly 
affects  fluorescence  in  the  nucleus.  (Figure  4A-C)  These  data  suggests  that  Padl-GFP  is  imported  into  the 
nucleus,  and  once  it  gets  in,  it  does  not  exit  readily.  Next,  I  investigated  whether  deletion  of  int6  in  S.  pombe 
will  affect  this  process.  For  this  purpose,  I  used  FLIP  to  compare  loss  of  cytoplasmic  Padl-GFP  fluorescence 
when  photobleaching  inside  the  nuclei  of  wild-type  or  int6null  cells.  My  data  showed  that  in  int6null  cells,  loss 
of  fluorescence  in  the  cytoplasm  occurred  at  a  much  slower  rate  (Figure  4D.  These  data  are  consistent  with  our 
hypothesis  that  Int6  is  required  for  proteasome  localization  and  assembly. 

3.  Determining  the  specific  importin(s)  responsible  for  proteasome  import: 

To  better  understand  how  Int6  regulates  proteasome  import  and  assembly,  I  have  examined  the  cellular  import 
machinery  responsible  for  the  import  of  proteasome  subunits,  and  whether  Int6  plays  a  role  in  regulating  this 
process.  Although  the  proteasome  concentrates  inside  the  nucleus,  many  proteasome  subunits  do  not  have  a 
classic  nuclear  localization  sequence  (NLS).  And  how  proteasome  subunits  enter  the  nucleus  is  poorly 
understood. 

In  the  last  annual  report,  I  reported  mis-localization  of  GFP-Rpn7  in  S.  pombe  cells  carrying  deletion  of  an 
importin  (3  kapl23.  I  then  followed  up  on  this  study  by  investigating  whether  there  is  any  genetic  interaction 
between  kapl23  and  int6.  My  data  showed  that  kapl23  is  synthetically  lethal  with  int6  (Figure  5 A).  To 
determine  whether  proteasome  subunits  are  bound  and  imported  by  Kapl23,  I  tested  the  physical  interaction 
between  Kapl23  and  a  number  of  proteasome  subunits.  My  data  shows  that  Kapl23  preferentially  interacts 
with  a  proteasome  regulatory  base  subunit  Rpt2  (Figure  5B  and  C).  These  data  suggests  that  Kapl23  might  be 
involved  in  the  nuclear  transport  of  proteasome,  and  Int6  might  regulate  this  process.  To  determine  the  whether 
deletion  of  these  importins  will  affect  proteasome  functioning,  I  also  tested  whether  these  importin  mutants  are 
sensitive  to  canavanine,  an  arginine  analog  which  can  be  incorporated  into  newly  synthesized  proteins  and 
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cause  proteasome  stress.  However,  my  data  showed  that  kapl23null  cells  are  not  as  sensitive  to  canavanine  as 
several  other  importin  deleted  cells,  such  as  sal3null,  suggesting  that  there  are  other  importins  also  playing  a 
role  in  proper  functioning  of  the  proteasome.  These  initial  studies  suggest  that  proteasome  localization  and 
functioning  are  preferentially  affected  by  deletion  of  kap!23  and  sal3  (Figure  5D).  Interestingly,  both  importins 
show  significant  genetic  interaction  with  int6.  Therefore,  I  believe  that  further  studies  on  these  importins  will 
help  clarify  the  mechanism  by  which  int6  regulates  the  proteasome.  To  provide  direct  evidence  for  the 
importance  of  these  importins  for  proteasome  nuclear  transport,  I  will  next  test  whether  proteasome  FLIP  rate 
will  be  affected  in  these  importin  null  mutant  cells. 
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Key  Research  Accomplishments 

1. 1  have  obtained  polyclonal  anti-Int6  antibody  and  tested  its  efficacy  in  human  cells  (as  reported  in  2004). 

2.  I  have  created  generated  several  siRNA  sequences  that  can  transiently  knockdown  Int6  expression  in  both 
HeLa  and  MCF  10A  cells  (as  reported  in  2004). 

3.  I  have  begun  examining  cell  functions  in  Int6-reduced  HeLa  cells  and  found  evidence  of  abnormal  mitosis 
due  to  the  presence  of  tri-polar  spindles  (as  reported  in  2004). 

4. 1  found  that  into  cells  are  hypersensitive  to  a  proteasome  inhibitor,  suggesting  that  reducing  int6  expression 
leads  to  proteasome  abnormalities  (Figure  1). 

5. 1  established  the  use  of  the  3D  culture  system  to  investigate  the  role  of  Int6  in  tumor  fonnation  (Figure  2). 

6. 1  have  evidence  suggesting  that  Int6  proteins  may  be  C-terminally  truncated  in  human  breast  cancer  cell  lines 
(as  reported  in  2004). 

7.  I  have  identified  a  conserved  leucine  residue  in  the  PCI  domain,  which  is  essential  for  proper  localization, 
assembly  and  functioning  of  both  Int6  and  proteasome  subunit  Rpn7  in  fission  yeast,  (as  reported  in  2004) 

8. 1  found  that  human  Int6  with  mutation  in  the  same  leucine  mislocalizes  in  human  cells,  and  overexpression  of 
this  protein  in  MCF10A  cells  causes  abnormal  proliferation  and  interferes  with  acini  formation.  (Figure  3) 

9.  I  found  that  the  Padl-GFP  is  dynamically  entering  nuclei  in  S.  pombe  cells,  and  that  the  rate  is  decreased 
when  int6  is  deleted  (Figure  4) 

10.  I  have  screened  all  the  importin  a  and  (3  null  mutant  cells,  finding  that  Kapl23  and  Sal3  are  the  two 
importin  (3s  showing  most  severe  proteasome-related  defects  and  genetic  interaction  with  int6.  (Figure  5) 
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Reportable  Outcomes 


1.  One  polyclonal  anti-Int6  antibody. 

2.  Two  siRNA  sequences  for  down  regulating  Int6  expression  in  human  mammary  epithelial  cells. 
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Conclusion 


I  set  out  to  test  the  hypothesis  that  Int6  acts  as  a  breast  tumor  suppressor,  which  functions  to  regulate  the  26S 
proteasome,  by  directly  using  human  mammary  epithelial  cells.  In  the  first  year  of  my  funding,  I  obtained 
reagents,  anti-Int6  antibodies  and  siRNAs,  which  are  critical  for  studying  the  molecular  functions  of  Int6.  I  then 
went  on  to  use  these  tools  and  found  that  Int6  is  important  for  genomic  stability,  as  proposed.  Furthermore, 
cells  in  which  Int6  expression  is  knocked  down  are  hypersensitive  to  proteasome  inhibitor,  and  this  result 
supports  our  idea  that  Int6  can  regulate  the  proteasome.  Finally,  with  the  support  of  this  grant,  I  have 
established  the  3D  culture  system  and  showed  that  the  dosage  of  Int6  is  important  for  the  development  of  acini. 
These  results  demonstrate  that  our  hypothesis  is  correct  and  that  I  can  move  on  to  more  deeply  investigate  how 
Int6  regulates  genomic  stability  and  the  proteasome. 

In  parallel,  I  am  also  investigating  the  mechanism  by  which  proteasome  import  and  functioning  are  regulated  by 
Int6.  First,  I  followed  up  on  the  structure-functional  analyses  on  PCI  domain.  I  found  that  Int6  with  PCI 
mutation  mislocalizes  in  human  cells,  and  overexpressing  this  protein  in  MCF10A  cells  causes  abnormal  acini 
formation.  These  results  suggest  that  the  PCI  domain  plays  an  important  and  conserved  role  in  proper 
functioning  of  Int6.  Next,  I  have  established  the  protocol  of  using  FRAP/FLIP  to  study  proteasome  dynamics  in 
S.  potnbe  to  more  directly  visualize  and  analyze  proteasome  nuclear  transport.  I  have  shown  that  the  proteasome 
subunit  Padl-GFP  is  actively  entering  the  nucleus,  and  this  process  is  affected  by  deletion  of  int6.  Finally,  I 
screened  all  the  importin  a  and  (3  mutants  for  defects  in  proteasome  localization,  proteasome  defects  and 
genetic  interaction  with  int6,  showing  that  Kapl23  and  Sal3  appears  to  be  preferentially  involved  in  proteasome 
localization  and  functioning,  and  both  are  showing  genetic  interaction  with  int6.  These  data  further  support  our 
hypothesis  that  int6  regulates  the  proteasome  transport  and  functioning,  and  can  provide  mechanistic  evidence 
for  us  to  further  test  in  mammalian  cells. 
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Appendices: 
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Fig.l.  Phenotypes  of  Int6  knockdown  human  cells. 

HeLa  cells  were  transiently  transfected  by  siRNA  against  int6  ( int6 )  or  control  siRNA  ( int6+ )  and  the  number  of 
viable  cells  (A)  and  dead  cells  (insert)  were  counted  over  time.  Correlated  with  this  growth  defect  is  the 
presence  of  multinucleated  cells  (arrow,  B),  which  frequently  show  multiple  spindle  poles  (C).  To  test 
proteasome  drug  sensitivity,  HeLa  cells  were  transfected  with  control  or  int6  siRNA  and  the  cells  were  seeded 
with  indicated  amount  of  MG  132.  Over  time  the  cell  numbers  were  counted.  The  numbers  of  surviving  cells 
after  4  days  of  incubation  in  MG  132  were  normalized  to  the  controls,  which  were  treated  with  DMSO,  and 
shown  in  (D).  (E).  MCF10A  cells  show  similar  mitotic  defects  with  multinucleated  cells  (as  revealed  after 
DAPI  staining). 
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Fig.2.  Over  expression  of  Int6  and  Int6AC  interferes  with  mammary  acini  formation. 

MCF10A  cell  lines  stably  expressing  indicated  Int6  proteins  or  carrying  the  vector  control  were  cultured  in  3D 
for  16  days.  Acini  were  fixed  and  stained  by  TO-PRO-3  iodide  and  examined  by  confocal  microscopy  to  reveal 
the  nuclei  of  cells  in  the  acini.  The  frequencies  of  the  sphere  that  are  either  hollow,  half-full  or  full  of  cells  in 
the  luminal  space  were  counted. 
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Figure  3:  Int6  carrying  mutatant  PCI  domain  is  mislocalized  in  human  cells,  and  can  interfere  with 
mammary  acini  formation. 

(A)  In  the  left  two  panels,  HeLa  cells  were  transiently  transfected  by  vectors  expressing  YFP  tagged  proteins 
and  their  localization  was  examined  directly  by  microscopy.  On  the  right,  endogenous  Int6  was  examined  by 
immunostaining  (red)  countered  stained  by  DAPI  and  the  image  was  deconvolved  and  merged.  (B)  Stable 
MCF10A  cells  expressing  indicated  proteins  were  cultured  in  3D  for  20  days.  Percentage  of  large  ( >50 urn)  and 
small  (<50um)  acini  was  counted  under  microscope. 
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Fig.4.  S.  pombe  proteasome  is  dynamic  as  measured  by  FLIP. 

Cells  carrying  Padl-GFP  were  photobleached  in  the  marked  area,  and  then  the  loss  of  fluorescence  was 
captured  over  time.  (A)  Photobleaching  in  the  nucleus  leads  to  loss  of  Padl-GFP  fluorescence  in  the  cytosol. 
Conversely,  if  cytosolic  Padl-GFP  was  photobleached,  the  nuclear  GFP  signal  loss  very  slowly  (B).  Relative 
GFP  intensities  in  the  nucleus  and  the  cytosol  in  the  photobleached  cell,  as  well  as  that  in  a  control  unbleached 
cell,  in  (A)  and  (B)  are  plotted  over  time  in  panel  C.  Panel  D  shows  the  time  course  of  the  loss  of  cytosolic 
Padl-GFP  signal  after  nuclear  photobleaching  in  wild  type  vs.  yin6A  cells.  These  photobleached  cells  remained 
viable  as  they  continued  to  divide,  and  the  described  dynamics  of  proteasome  is  highly  consistent  from  cell  to 
cell  and  from  day  to  day. 
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Fig.  5.  kapl23  is  synthetically  lethal  with  int6,  and  Kapl23  binds  Rpt2  in  Yeast  two-hybrid  binding  assay. 

kapl23+l  int6+l  heterozygous  diploid  cells  were  sporulated,  individual  asci  dissected,  and  viability  of  meiotic 
products  was  examined.  (A)  shows  the  viability  of  spores  from  a  tetra-type  ascus.  Only  3  out  of  4  spores  can 
germinate,  and  the  unviable  spore  is  kapl23  int6  as  proved  by  testing  markers.  (B)  shows  yeast  two-hybrid 
binding  between  Kapl23  and  Rpt2,  indicated  by  activation  of  lacZ  reporter.  Results  of  yeast  two-hybrid 
binding  between  Kapl23  and  Yin6  as  well  as  several  proteasome  subunits  are  summarized  in  (C).  (D) 
summarizes  the  function  tested  for  all  the  importin  mutants:  their  sensitivity  to  canavanine,  binding  with 
proteasome  subunits,  genetic  interaction  with  int6,  and  localization  of  GFP-Rpn7  in  these  cells.  ND  stands  for 
“not  determined”. 


